Introduction
============

Each year approximately 400,000 patients worldwide are diagnosed with pancreatic cancer (PC). Because of its aggressive nature, late diagnosis, rapid disease progression and resistance to chemotherapy, PC is often fatal within 6 months ([@b1-ijo-51-04-1035]). The disappointing performance of current treatments and the magnitude of the clinical problem necessitate the development of new agents for PC.

A useful strategy in designing novel agents is the chemical modification of known drugs in order to optimize their pharmacological properties, primarily their efficacy ([@b2-ijo-51-04-1035]--[@b4-ijo-51-04-1035]). Following this approach, we synthesized phospho-valproic acid (P-V; MDC-1112), a novel valproic acid derivative. We have reported that P-V is safe, based on genotoxicity and animal toxicity data, and displays greater efficacy than valproic acid against PC in xenograft models in mice ([@b5-ijo-51-04-1035]). The anticancer effect of P-V is mediated to a large extent through the signal transducer and activator of transcription 3 (STAT3) pathway ([@b5-ijo-51-04-1035]). STAT3 plays a significant role in the pathogenesis of PC, being associated with malignant tumor initiation, transformation and progression ([@b6-ijo-51-04-1035]--[@b8-ijo-51-04-1035]). Because it regulates several pathways important in tumorigenesis ([@b9-ijo-51-04-1035]), STAT3 is recognized as a potential drug target for PC ([@b10-ijo-51-04-1035],[@b11-ijo-51-04-1035]).

Although P-V is efficacious against PC, its pharmacological profile limits the extent of its anticancer effect. For this reason, we explored alternatives that would enhance P-V\'s pharmacokinetic properties. Over the past decade, there has been an increasing interest in using nanotechnology for cancer therapy, in order to enhance drug efficacy and lower drug toxicity. Among these, polymer-based drug delivery systems, including the poly-L-lactic acid (PLLA) polymers, are being developed to improve the diagnosis and treatment of various diseases, including cancer ([@b12-ijo-51-04-1035]). PLLA polymers are of particular interest, since they are biodegradable, biocompatible and FDA-approved ([@b13-ijo-51-04-1035]). A major breakthrough in the nanoparticle field is the use of hydrophilic polymers, for example poly(ethylene glycol) (PEG), to efficiently coat conventional nanoparticle surfaces ([@b14-ijo-51-04-1035]). Amphiphilic copolymers with PEG, such as PLLA-PEG, form a protective hydrophilic and flexible corona around the polymeric core of the nanoparticles that repel plasma proteins, avoid opsonization and exhibit prolonged circulation ([@b14-ijo-51-04-1035]).

In the present study, we assessed whether formulating P-V in polymeric nanoparticles could improve the pharmacokinetics of P-V and enhance its anticancer effect. We show that P-V formulated in PLLA-PEG has potent anticancer activity towards PC in various mouse models of PC. We also report on its pharmacokinetic properties. Our results further support the anticancer potential of P-V and support the use of PLLA-PEG for its delivery.

Materials and methods
=====================

Materials
---------

The copolymers PCL(10,000)-PEG(5,000), PCL(5,000)-PEG(5,000) and PCL(3,600)-PEG(5,000) were obtained from Polymer Source, Inc. (Dorval, QC, Canada). The copolymers PS(2,000)-PEG(2,000) and PLLA(5,000)-PEG(2,000) were obtained from PolySciTech (West Lafayette, IN, USA). Phospho-valproic acid (P-V; MDC-1112) was a gift from Medicon Pharmaceuticals, Inc. (Stony Brook, NY, USA). All general solvents and reagents were of hPLC grade or the highest grade commercially available.

Preparation and characterization of polymeric nanoparticles containing P-V
--------------------------------------------------------------------------

We used the single emulsification and solvent evaporation method to prepare the polymeric nanoparticles from each respective polymer ([@b15-ijo-51-04-1035]). Briefly, a dichloromethane solution of P-V and each polymer (ratio 15:100 w/w respectively) was transferred in an aqueous solution of sodium cholate. The mixture was probe sonicated at 15W for 2 min and the resulting oil/water emulsion was gently stirred at room temperature in a fume hood until complete evaporation of the organic solvent. The nanoparticles were purified by centrifugation and reconstituted in the appropriate volume of water to achieve the desired drug concentration.

The morphology of the nanoparticles was examined using scanning electron microscopy. A drop of the nanoparticle suspension was transferred onto a small metal plate. After drying, the sample was coated with gold using an Edward 150B sputterer, depositing 6 nm of gold, and transferred in the sample holder of a LEO 1550 SFEG-SEM electron microscope using 2 kV accelerating voltage and with a secondary-electron detector.

The size and ζ (zeta) potential of the nanoparticles were determined using dynamic light scattering (DLS) and micro-electrophoresis, respectively, 10 min after diluting the samples in phosphate-buffered saline (PBS) and housing them at 25°C using a ZetaPlus Brookhaven instrument (Brookhaven Instruments Corp., Holtsville, NY, USA). Entrapped P-V was quantified with high-performance-liquid-chromatography (HPLC) Waters Alliance 2695 equipped with a Waters 2998 photodiode array detector (220 nm) (Waters Corp., Milford, MA, USA) and a Hypersil C18 column (150 × 4.6 mm, particle size 3 *µ*m; Thermo Fisher Scientific, Waltham, MA, USA). We dissolved a small known amount of lyophilized nanoparticle suspension into 1 ml of acetonitrile to determine the drug loading and encapsulation efficiency for the formulation. The mobile phase followed a gradient between buffer A (H~2~O, acetonitrile, trifluoroacetic acid 94.9:5:0.1 v/v/v) and buffer B (acetonitrile).

Cell viability assay
--------------------

Human PC (Panc-1 and MIA PaCa-2) cell lines, which carry the most common mutations for pancreatic cancer, KRAS and TP53 mutations, as well as they present high (Panc-1) and very high (MIA PaCa-2) constitutive STAT3 activation expression levels ([@b16-ijo-51-04-1035],[@b17-ijo-51-04-1035]), were purchased from the American Type Culture Collection (ATCC; Manassas, VA, USA), which characterizes them using cytogenetic analysis. We have not authenticated these cell lines. These cells were grown at 37°C in 5% CO~2~ in Dulbecco\'s modified Eagle\'s medium (DMEM) supplemented with 10% fetal calf serum (FCS), penicillin (50 U/ml) and streptomycin (50 *µ*g/ml). All the cell lines were characterized for cell morphology and growth rate and passaged in our laboratory less than 6 months after being received.

After treatment with P-V or P-V formulated in PLLA-PEG for 24 or 48 h, cell viability was determined by the reduction of 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide dye (MTT), following the manufacturer\'s protocol (Promega, Madison, WI, USA) ([@b4-ijo-51-04-1035]). Briefly, MIA PaCa-2 and Panc-1 cells were plated in 96-well plates (5,000 cells/well), and the next day, cells were treated, in at least triplicates, with varying concentrations of P-V or P-V formulated in PLLA-PEG, and incubated for 24 or 48 h with the drugs, at 37°C in 5% CO~2~. After 24 or 48 h of incubation, 10 *µ*l/well 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT 1) (Sigma-Aldrich, St. Louis, MO, USA) was added and incubated at 37°C for 4 h. MTT2 stop solution of 10% sodium dodecyl sulfate (SDS) and 1M HCl at 100 *µ*l/well was added as solubilizing solution after incubation. Absorbance at 590 nm (reference at 670 nm) using SpectraMax i3 plate reader (Molecular Devices, Sunnyvale, CA, USA) was used to determine cell viability.

Western blot analysis
---------------------

Whole cell fractions were isolated from tumors as previously described ([@b3-ijo-51-04-1035]). Western blots were performed as previously described ([@b18-ijo-51-04-1035],[@b19-ijo-51-04-1035]). Briefly, after treatment with the drugs, cells were scraped on ice, washed with ice-cold PBS and lysed in RIPA lysis buffer (Sigma-Aldrich). Protein concentration was determined using the Bradford method (Bio-Rad Laboratories, hercules, CA, USA). Aliquots of total fractions containing 25--40 *µ*g protein were separated by reducing 10--12.5% (w/v) polyacrylamide gel electrophoresis and electroblotted to nitrocellulose membranes. The membranes were probed overnight with antibodies against p-STAT3^Tyr705^ (cat. no. 9145; Cell Signaling Technology, Danvers, MA, USA), p-STAT3^Ser727^ (cat. no. sc-135649; Santa Cruz Biotechnology, Santa Cruz, CA, USA). β-actin (cat. no. A1978; Sigma-Aldrich) was used as the loading control. After incubation, for 90 min at room temperature, in the presence of the secondary antibody (HRP-conjugated; 1:5,000 dilution), the conjugates were visualized by chemiluminescence.

Animal studies
--------------

All animal experiments were approved by our Institutional Animal Care and Use Committee at Stony Brook University.

Pancreatitis-accelerated carcinogenesis in mice with activated Kras
-------------------------------------------------------------------

In a first study, 2-month-old *p48-Cre;Kras^G12D^* mice in C57Bl/6J background (a gift from Dr Howard Crawford) were injected intraperitoneally with saline or cerulein (50 *µ*g/kg hourly, six times a day, 2 days a week, for 3 weeks; n=7/group). Cerulein-injected mice were divided in vehicle or P-V treatment groups. P-V (150 mg/kg) was given 5 days a week by oral gavage, starting on the day of the first cerulein injection. On day 21, mice were euthanized and the pancreas was excised and fixed in formalin and processed for morphological studies.

In a second study, 10-month-old *p48-Cre;Kras^G12D^* mice were injected intraperitoneally with saline or cerulein (250 *µ*g/kg, once per day for two consecutive days). Cerulein-injected mice were divided in vehicle or PLLA-PEG P-V treatment groups (n=5--6/group). P-V (20 mg/kg) formulated in PLLA(5k)-PEG(2k) was given intravenously twice a week, starting on the day of the first cerulein injection. P-V formulated in PLLA(5k)-PEG(2k) was administered intravenously to utilize the potential advantages of the enhanced permeability and retention effect observed in solid tumors. On day 21, mice were euthanized and the pancreas was excised and fixed in formalin or snap-frozen for further analysis.

Nude mouse xenograft studies
----------------------------

Female BALB/c nude mice (5--6-weeks old; Charles River Laboratories, Wilmington, MA, USA) were subcutaneously injected with 1.5×10^6^ MIA PaCa-2 cells in 100 *µ*l PBS into the right and left flanks. When tumors reached \~200 mm^3^, mice (n=7/group) were randomized into groups receiving 2-hydroxypropyl-β-cyclodextrins (vehicle control), empty PLLA(5k)-PEG(2k) (PLLA), P-V 20 mg/kg reconstituted in 2-hydroxypropyl-β-cyclodextrins (P-V) or P-V (20 mg/kg) formulated in PLLA(5k)-PEG(2k) given intravenously twice a week for 21 days. Tumor volume was calculated as \[length × width × (length + width/2) × 0.56\], as previously described ([@b5-ijo-51-04-1035]). Animals were sacrificed and tumors were removed, weighed and stored for further analysis.

Histological examination
------------------------

At necropsy, pancreas was fixed in 10% phosphate-buffered formalin for 24 h. After dehydration the sample was embedded in paraffin blocks, and four-micrometer-thick sections were processed routinely, stained with H&E and scored by a pathologist blinded to sample identity. The presence and extent of pancreatic ductal metaplasia were scored based on the degree of epithelial stratification and nuclear atypia according to histopathology criteria, and expressed as the percent of lesion over the total pancreas area, as we have previously shown ([@b20-ijo-51-04-1035]).

Immunohistochemistry
--------------------

Immunohistochemical staining for PCNA (sc-15402) and p-STAT3^Ser727^ (sc-135649; both from Santa Cruz Biotechnology), α-amylase (cat. no. 3796) and p-STAT3^Tyr705^ (cat. no. 9145; both from Cell Signaling Technology) was performed as previously described ([@b20-ijo-51-04-1035],[@b21-ijo-51-04-1035]). Briefly, paraffin-embedded sections (4 *µ*m thick) were deparaffinized, rehydrated and microwave-heated for 10 min in 0.01 mol/l citrate buffer (pH 6.0) for antigen retrieval, and 3% H~2~O~2~ was applied to block endogenous peroxidase activity. After 15 min of incubation with blocking serum, the primary antibody or control IgG (dilution 1:50) was applied and incubated overnight at 4°C. Slides were washed three times with PBS for 5 min each time. The biotinylated secondary antibody and the streptavidin-biotin complex (Invitrogen, Carlsbad, CA, USA) were applied, each for 30 min at room temperature with an interval washing. After rinsing with PBS, the slides were immersed for 5 min in the coloring substrate 3,3′-diaminobenzidine (DAB; Sigma-Aldrich), then rinsed with distilled water, counterstained with hematoxylin, dehydrated and coverslipped.

Scoring
-------

At least 5 fields per sample (at magnification, ×200) were scored independently by one investigator blinded to the identity of the samples. For quantification of p-STAT3 and PCNA, cells with a blue nucleus were considered unlabeled, while those with a brown nucleus were considered labeled. We calculated the percentage of positive cells by dividing the number of labeled cells by the number of cells in each field and multiplying by 100. Quantitation of amylase positive area was performed on independent, singly DAB stained sections using the ImageJ Immunohistochemistry Image Analysis software (NIH, Bethesda, MD, USA).

Statistical analysis
--------------------

Results are expressed as mean ± SEM. Differences between the groups were determined by one-factor analysis of variance followed by the Tukey\'s test for multiple comparisons. P\<0.05 was statistically significant.

Results
=======

P-V prevents pancreatitis-accelerated carcinogenesis in mice with activated Kras
--------------------------------------------------------------------------------

We have previously shown that P-V reduces the growth of subcutaneous and orthotopic human PC xenografts in nude mice ([@b5-ijo-51-04-1035]). We now investigated whether P-V could inhibit Kras-driven pancreatic carcinogenesis in the setting of pancreatitis induced by cerulein. For this purpose, we treated 2-month-old *p48-Cre;Kras^G12D^* mice with cerulein (50 *µ*g/kg; 6-hourly injections twice per week for 3 weeks) to induce pancreatitis. Concomitant with pancreatitis induction and continuing for the following 3 weeks, mice were treated with P-V 150 mg/kg/days five times a week or vehicle. In *p48-Cre;Kras^G12D^* mice, cerulein treatment produced a significant increase in ductal metaplasia lesions in *p48-Cre;Kras^G12D^* mice, significantly replacing the exocrine compartment ([Fig. 1](#f1-ijo-51-04-1035){ref-type="fig"}). This was accompanied by the minimal expression of amylase, an acinar marker, and enhanced Alcian blue staining, which characterizes PanINs ([@b7-ijo-51-04-1035]). P-V 150 mg/kg/day prevented cerulein-induced acinar-to-ductal metaplasia by 60% (P\<0.05), an effect associated with increased amylase expression, decreased Alcian blue staining areas, and reduced cerulein-stimulated ductal cell proliferation (P\<0.01; [Fig. 1](#f1-ijo-51-04-1035){ref-type="fig"}). Importantly, P-V was well tolerated by the mice, showing no body weight loss throughout the treatment.

P-V formulated in PLLA(5k)-PEG(2k) nanoparticles increases circulating drug levels
----------------------------------------------------------------------------------

Since the treatment of PC remains challenging, the task of improving therapies relies on the development of additional technologies that overcome the low accessibility of drugs to the pancreas. P-V is rapidly hydrolyzed by carboxyesterases when administered intravenously. We used (2-hydroxypropyl)-β-cyclodextrin to solubilize the hydrophobic P-V in water and after i.v. injection, the drug was not detectable even 5 min post-injection. To overcome this limitation and improve the pharmacokinetics of P-V, we incorporated the drug in polymeric nanoparticles of various polymers and determined its pharmacokinetics. A panel of five different polymers composed of poly-caprolactone (PCL) at molecular weights of 3.6, 5 and 10 kDa, poly-styrene (PS) of 2 kDa or poly-L-lactic acid of 5 kDa, all copolymerized with polyethylene glycol of 2 or 5 kDa, were tested for improving the P-V pharmacokinetic profile ([Table I](#tI-ijo-51-04-1035){ref-type="table"}). All formulations were prepared by the emulsion-solvent evaporation method, and their hydrodynamic diameter, polydispersity index and zeta potential were determined. [Table I](#tI-ijo-51-04-1035){ref-type="table"} summarizes the results.

PLLA(5k)-PEG(2k) nanoparticles generated *µ*M blood levels of P-V (41 and 20 *µ*M, for 5 min and 1 h, respectively). The 24-h pharmacokinetic profile of the PLLA(5k)-PEG(2k) nanoparticles demonstrated a prolonged and sustained presence of the drug, which was detectable up to 8 h after the injection ([Fig. 2A](#f2-ijo-51-04-1035){ref-type="fig"}). The drug\'s AUC~0--24\ h~ was determined at 117.5 *µ*M/h, with T~max~ at the first time-point of 5 min and C~max~ of 41 *µ*M.

The basic characteristics of the PLLA(5k)-PEG(2k) nanoparticles were: a size of 81.3 nm ([Fig. 2B](#f2-ijo-51-04-1035){ref-type="fig"}); a polydispersity index of 0.181 and a zeta potential of −14.7 mV. In addition, the nanoparticles were spherical and homogeneous in size as observed under the scanning electron microscope ([Fig. 2C](#f2-ijo-51-04-1035){ref-type="fig"}). The drug loading for these nanoparticles was 5% and the encapsulation efficiency was 13.4%.

In contrast, the other tested formulations led to significantly less P-V levels in the blood at 5 min and 1 h post intravenous injection, without exceeding the concentration of 3 *µ*M in any case ([Table I](#tI-ijo-51-04-1035){ref-type="table"}). To note, we were unable to determine the size and zeta potential for the formulation prepared with PCL(3.6k)-PEG(5k) and PS(2k)-PEG(2k). It is conceivable that these polymers resulted in the formation of micelles that their respective size was below the detection limit of our equipment.

Overall, PLLA(5k)-PEG(2k) nanoparticles provided a significantly improved pharmacokinetic profile for P-V compared to the other tested formulations. In addition, PLLA-PEG co-polymers are considered biocompatible and biodegradable, and appear safe based on previous toxicity studies ([@b15-ijo-51-04-1035]). Thus, we chose PLLA(5k)-PEG(2k) nanoparticles as the formulation of choice for P-V and we used this formulation in the studies described below.

P-V formulated in PLLA(5k)-PEG(2k) nanoparticles reduces PC growth in vitro and in vivo
---------------------------------------------------------------------------------------

Initially, we evaluated the cytotoxicity of P-V incorporated in PLLA(5k)-PEG(2k) (PLLA-P-V) in two human PC cell lines, MIA PaCa-2 and Panc-1 and compared the effect of P-V alone. The values of 24 h IC~50~ were as follows: MIA PaCa-2 cells: P-V=73.2 *µ*M and PLLA-P-V=67.5 *µ*M; Panc-1 cells: P-V=57.7 *µ*M and PLLA-P-V=35.3 *µ*M ([Fig. 3A](#f3-ijo-51-04-1035){ref-type="fig"}). On the other hand, P-V formulated in cyclodextrins led to higher IC~50~ values in both cell lines. PLLA(5k)-PEG(2k) by itself had no effect on cell growth (data not shown).

We then investigated the effect of PLLA-P-V in MIA PaCa-2 subcutaneous xenografts in nude mice and compared it to that of P-V. When compared to Panc-1 xenografts, MIA PaCa-2 xenografts present some advantages as they are better grafted and they grow at a higher speed ([@b22-ijo-51-04-1035]--[@b24-ijo-51-04-1035]), better mimicking the aggressiveness of PC. Thus, we explored the efficacy of PLLA-P-V in MIA PaCa-2 xenografts. When tumors reached a volume \~200 mm^3^, mice were randomly divided into four groups: vehicle control, empty PLLA-PEG, P-V dissolved in 2-hydroxypropyl-β-cyclodextrins (P-V) and PLLA-P-V-treated groups. Mice in the PLLA-P-V group received P-V (20 mg/kg) formulated in PLLA(5k)-PEG(2k) given intravenously twice a week for 25 days. When compared to controls, the inhibitory effect of PLLA-P-V became statistically significant starting 11 days after the start of the treatment (P\<0.01). Compared to vehicle-treated controls, PLLA-P-V reduced tumor growth by 81% (P\<0.01), whereas P-V dissolved in 2-hydroxypropyl-β-cyclodextrins, given at an equi-dose, reduced it by 51%, indicating a 1.58-fold reduction in the rate of tumor growth for PLLA-P-V when compared to plain P-V ([Fig. 3B](#f3-ijo-51-04-1035){ref-type="fig"}). Compared to controls, both effects are statistically significant (P\<0.01), as is the difference between the effects of PLLA-P-V and P-V groups (P\<0.05). PLLA-P-V was well tolerated by the mice, which showed no weight loss or other signs of toxicity. Throughout the study the body weight of mice receiving PLLA-P-V, was comparable to that of the control group.

P-V formulated in PLLA(5k)-PEG(2k) nanoparticles reduces pancreatic ductal metaplasia incidence
-----------------------------------------------------------------------------------------------

To gain additional information on P-V formulated in PLLA(5k)-PEG(2k) as a therapeutic agent for PC, we evaluated the efficacy of PLLA-P-V in Kras-driven pancreatic carcinogenesis in the setting of pancreatitis ([Fig. 4A](#f4-ijo-51-04-1035){ref-type="fig"}). Ten-month-old *p48-Cre;Kras^G12D^* mice already presented with 100% penetrance of PanIN lesions, with mice replaced their exocrine compartment by 50%. Treatment with cerulein (250 *µ*g/kg), once a day for 2 consecutive days, led to an acceleration of ductal metaplasia incidence in the 10-month-old *p48-Cre;Kras^G12D^* mice. This effect was accompanied by enhanced PCNA staining and minimal expression of amylase. PLLA-P-V treatment at 20 mg/kg twice a week for 3 weeks reduced ductal metaplasia incidence by 87% (P\<0.05) in transgenic mice, compared to cerulein-treated controls ([Fig. 4B](#f4-ijo-51-04-1035){ref-type="fig"}). This effect was associated with reduced ductal cell proliferation and increased amylase expression (P\<0.01; [Fig. 4C--E](#f4-ijo-51-04-1035){ref-type="fig"}).

P-V formulated in PLLA(5k)-PEG(2k) nanoparticles inhibits STAT3 signaling in PC
-------------------------------------------------------------------------------

In PC cells in culture and xenografts, P-V inhibits STAT3 activation ([@b5-ijo-51-04-1035]) a signaling molecule overexpressed in PC and considered a promising therapeutic target ([@b11-ijo-51-04-1035]). In the present study, we tested whether P-V could inhibit STAT3 activation during Kras-driven metaplasia induced by pancreatitis, evaluating by immunohistochemistry the activation of STAT3 by phosphorylation at two critical sites: Ser727 and Tyr705 ([Fig. 5A--C](#f5-ijo-51-04-1035){ref-type="fig"}). Cerulein-treated mice had significantly more p-STAT3^Ser727^ positive duct cells than Kras control mice, while P-V completely blocked it ([Fig. 5B](#f5-ijo-51-04-1035){ref-type="fig"}). Moreover, there were significantly more p-STAT3^Tyr705^ positive stromal cells after cerulein treatment; P-V-treatment decreased this by half (P\<0.01; [Fig. 5C](#f5-ijo-51-04-1035){ref-type="fig"}).

We next evaluated whether P-V formulated in PLLA(5k)-PEG(2k) also inhibited STAT3 phosphorylation. As shown in [Fig. 5D](#f5-ijo-51-04-1035){ref-type="fig"}, PLLA-P-V reduced p-STAT3^Ser727^ and p-STAT3^Tyr705^ levels in MIA PaCa-2 xenografts, compared to control. A reduction in STAT3^Ser727^ phosphorylation levels was also observed by immunohistochemistry. While cerulein-treated mice had significantly more p-STAT3^Ser727^ positive duct cells than Kras control mice, treatment with PLLA-P-V significantly (P\<0.05) reduced p-STAT3^Ser727^ levels by 60.4% ([Fig. 5E](#f5-ijo-51-04-1035){ref-type="fig"}).

Discussion
==========

PC is an almost universally fatal disease, with unsatisfactory treatment options ([@b25-ijo-51-04-1035]). Clearly, this unmet medical need requires developing new agents and novel strategies for PC treatment. We have previously shown that the novel compound P-V is a strong inhibitor of PC in xenograft models in mice ([@b5-ijo-51-04-1035]). In the present study, we have extended our work and show that P-V is also effective in transgenic Kras-driven models of PC and that the formulation of P-V in PLLA(5k)-PEG(2k) nanoparticles, which improves the P-V pharmacological profile, results in an attractive alternative for future drug design. The anticancer efficacy of P-V and its apparent lack of toxicity make it a promising candidate drug for the treatment of PC.

Cancer-associated inflammation is a molecular key feature in PC. In response to acute pancreatitis induced by cerulein, acini transiently de-differentiate into duct-like structures that express embryonic factors characteristic of pancreatic embryonic progenitors. However, the presence of mutant Kras compromises the ability of acinar cells to regenerate following acute pancreatitis and locks damaged cells in a persistently de-differentiated, ductal state that can rapidly give rise to PanINs ([@b26-ijo-51-04-1035]). This model of pancreatitis-accelerated carcinogenesis in Kras-mutant mice is an established model to study the potential chemopreventive effect of novel agents. As shown by our findings using this model, P-V reduces the incidence of PC by 60%. This effect is similar to the effect we observed for P-V in human xenograft models ([@b5-ijo-51-04-1035]).

To enhance the P-V bioavailability and efficacy, we tested various potential copolymers to formulate nanoparticles. PLLA(5k)-PEG(2k) nanoparticles proved to be ideal for P-V, leading to a significantly improved pharmacokinetic profile with increased levels of intact drug in the blood, when compared to the other tested copolymers and to the drug alone. PLLA(5k)-PEG(2k) nanoparticles have been successfully used to entrap anticancer drugs, achieving improved water solubility, bioavailability and antitumor efficacy via the enhanced permeability and retention effect ([@b27-ijo-51-04-1035]). For instance, PLLA(5k)-PEG(2k) co-polymers loaded with doxorubicin and paclitaxel, accumulated in tumors, released the drug slowly ([@b28-ijo-51-04-1035]), which resulted in tumor regression in mice ([@b29-ijo-51-04-1035]). P-V formulated in PLLA(5k)-PEG(2k) exhibited a protection from esterases, leading to longer circulation time of P-V. This can be explained by the steric hindrance produced by the hydrophilic corona formed by the flexible PEG chains being exposed out and away from the solid hydrophobic polymeric core. It is of interest that the other tested polymers, though copolymers containing PEG, were unable to produce such a favorable result for P-V. We suspect that PLLA created the appropriate hydrophobic environment in the solid polymeric core for P-V to remain entrapped. Furthermore, based on our findings in two different PC mouse models, in which the efficacy was ≥80%, formulating P-V in PLLA(5k)-PEG(2k) nanoparticles appears an ideal approach to protect P-V and enhance its efficacy.

STAT3 plays an essential role in the initiation and progression of PC ([@b7-ijo-51-04-1035],[@b8-ijo-51-04-1035]) and in the induction of resistance to apoptosis ([@b11-ijo-51-04-1035]). STAT3 has been shown to cooperate with other inflammatory-related transcription factors, such as NFATc1, in pancreatic development ([@b30-ijo-51-04-1035]), and STAT3 activation by IL-6 transignaling promotes progression of PanIN and development of PC ([@b8-ijo-51-04-1035]). Indeed, STAT3 may serve as a mediator of inflammation-associated processes, such as pancreatitis-driven PanIN development. P-V alone and formulated in PLLA(5k)-PEG(2k) nanoparticles inhibited STAT3 phosphorylation at the Ser727 and Tyr705 residues in both the xenografts as well as in the Kras/pancreatitis-associated PC models.

In summary, the novel compound P-V is an effective anticancer agent in preclinical models of PC, acting primarily through STAT3 inhibition. Furthermore, its formulation in PLLA(5k)-PEG(2k) nanoparticles increases its circulation time and enhances its efficacy. Our data further indicate P-V as a promising candidate drug for PC and suggest its formulation in PLLA(5k)-PEG(2k) nanoparticles for its administration.

The present study was funded in part by grants from NIHCA175699, NIHCA181727 to G.G.M and the Knapp Foundation to B.R.

![P-V protects against pancreatitis-accelerated carcinogenesis in mice with activated Kras. Two-month-old mice with activated Kras (*p48-Cre;LSL-Kras^G12D^*) were injected with PBS (B, F, J and N), cerulein (C, G, K and O) or cerulein + P-V (D, H, L and P) and sacrificed 3 weeks after treatment. Wild-type mice were used as controls (A, E, I and M). The following stains were performed: (A--D) H&E; representative photographs are shown at ×10 magnification. (E--H) Amylase; representative photographs are shown at ×10 magnification. (I--L) Alcian blue stain; representative photographs are shown at ×20 magnification. (M--P) PCNA; representative photographs are shown at ×20 magnification. (Q) The percent of ductal metaplasia per total pancreas was quantified and expressed as the mean ± SEM; ^\*^P\<0.01. (R) Amylase staining images were quantified and results are expressed as the percentage of amylase positive staining per field; ^\*^P\<0.01. (S) Alcian blue positive staining in total pancreas area was quantified and results expressed as the percentage of pancreatic area replaced by alcian blue lesions; ^\*^P\<0.01. (T) PCNA staining images were quantified and results expressed as the percentage of PCNA positive pancreatic duct cells; ^\*^P\<0.01. Scale bars, 100 *µ*m for H&E and amylase; 50 *µ*m for Alcian blue and PCNA.](IJO-51-04-1035-g00){#f1-ijo-51-04-1035}

![Formulation of P-V in PLLA(5k)-PEG(2k) polymeric nanoparticles increases P-V blood levels. (A) Blood PK for P-V incorporated in PLLA(5k)-PEG(2k) nanoparticles in mice (n=2 per time-point). (B) Hydrodynamic diameter distribution of PLLA(5k)-PEG(2k) polymeric nanoparticles determined using DLS as described in Materials and methods. (C) Scanning electron microscopy image depicting the morphology of the PLLA(5k)-PEG(2k) nanoparticles loaded with P-V. Scale bar, 200 *µ*m.](IJO-51-04-1035-g01){#f2-ijo-51-04-1035}

![P-V formulated in PLLA(5k)-PEG(2k) polymeric nanoparticles inhibits the growth of human PC *in vitro* and in xenografts. (A) Cell viability was determined in Panc-1 and MIA PaCa-2 cells after 24 h of incubation with P-V, P-V formulated in cyclodextrin or P-V formulated in PLLA(5k)-PEG(2k) nanoparticles. Results are expressed as % control. (B) Nude mice bearing MIA PaCa-2 xenografts were treated with P-V dissolved in 2-hydroxypropyl-β-cyclodextrins (P-V) or P-V formulated in PLLA(5k)-PEG(2k) polymeric nanoparticles (PLLA-P-V), given i.v. at a dose of 20 mg/kg twice a week for 25 days. MIA PaCa-2 tumor volume growth of control, PLLA, P-V and P-V formulated in PLLA(5k)-PEG(2k) (P-V) treated mice. Values, mean ± SEM. ^\*^P\<0.01 vs. control group. ^\#^P\<0.05 vs. P-V group.](IJO-51-04-1035-g02){#f3-ijo-51-04-1035}

![P-V formulated in PLLA(5k)-PEG(2k) polymeric nanoparticles reduces ductal metaplasia formation in mice with activated Kras. (A) Cerulein treatment protocol. Ten-month-old mice with activated Kras *(p48-Cre; LSL-Kras^G12D^*) were injected with PBS or cerulein and sacrificed 3 weeks post-injection. At the day of the first injection of cerulein, mice were treated with PLLA(5k)-PEG(2k) polymeric nanoparticles administered i.v. twice a week for 3 weeks as shown. (B) Pancreas weight at sacrifice. Values, mean ± SEM. ^\*^P\<0.05 (C). The following stains were performed: H&E; representative photographs are shown at ×4 magnification. Amylase; representative photographs are shown at ×4 magnification. PCNA; representative photographs are shown at ×10 magnification. (D) The extent of ductal metaplasia lesions was quantified and expressed as percent of ductal metaplasia per total pancreas area. ^\*^P\<0.05. (E) Amylase staining images were quantified and results expressed as the percentage of amylase positive staining per field; ^\*^P\<0.01. Scale bars, 200 *µ*m for H&E and amylase; 50 *µ*m for PCNA.](IJO-51-04-1035-g03){#f4-ijo-51-04-1035}

![P-V alone and P-V formulated in PLLA(5k)-PEG(2k) polymeric nanoparticles inhibits STAT3 activation in human pancreatic tumor xenografts and in Kras-mice. (A) Mice with activated Kras (*p48-Cre;LSL-Kras^G12D^*) were injected with PBS or cerulein or cerulein + P-V-treated, and sacrificed 3 weeks after treatment. Wild-type mice were used as controls. The following stains were performed: p-STAT3^Ser727^; representative photographs are shown at ×20 magnification. p-STAT3^Tyr705^; representative photographs are shown at ×20 magnification. (B) Tissue sections, immunostained for p-STAT3^Ser727^, were quantified and results are expressed as the percent of p-STAT3^Ser727^ positive pancreatic duct cells per field; ^\*^P\<0.01. (C) Tissue sections, immunostained for p-STAT3^Tyr705^, were quantified and results expressed as the percentage of p-STAT3^Tyr705^ positive cells per field; ^\*^P\<0.01. Scale bars, 50 *µ*m. (D) Lysates from tumor samples obtained from MIA PaCa-2 xenografts were analyzed for p-STAT3^Tyr705^, p-STAT3^Ser727^ and STAT3 proteins by immunoblotting. Each lane represents a different tumor sample. (E) p-STAT3^Ser727^; representative photographs are shown at 20× magnification. Tissue sections immunostained for p-STAT3^Ser727^ were quantified and results expressed as the percent of p-STAT3^Ser727^ positive pancreatic duct cells per field; ^\*^P\<0.05. Scale bars, 50 *µ*m.](IJO-51-04-1035-g04){#f5-ijo-51-04-1035}

###### 

Characterization of polymeric nanoparticles.

  Formulation         Size (nm)   PDI     Z-potential (mV)   P-V blood levels (*µ*M)   
  ------------------- ----------- ------- ------------------ ------------------------- ------
  PCL(5k)-PEG(5k)     81.3        0.181   −6.32              0.6                       0.4
  PCL(3.6k)-PEG(5k)   83          0.821   0                  0.0                       0.0
  PS(2k)-PEG(2k)      N/A         1       N/A                2.3                       0.5
  PCL(10k)-PEG(5k)    115.2       0.104   −6.22              0.9                       0.0
  PLLA(5k)-PEG(2k)    81.3        0.181   −14.7              41.0                      20.0

A panel of polymers composed of poly-caprolactone (PCL) at molecular weights of 3.6, 5 and 10 kDa, poly-styrene (PS) of 2 kDa or poly-L-lactic acid of 5 kDa, all copolymerized with polyethylene glycol of 2 or 5 kDa, were used for improving P-V\'s PK profile, as described in Materials and methods.
